Abstract-Graphene transistors using large area CVD monolayer graphene are constructed and examined. Backgated devices with exposed graphene channels are characterized to shed light on some of the apparent doping and transport effects that could impact the device performance. Electrical measurements under vacuum and soft-anneal conditions are used to modulate the effective doping density and carrier mobility for both electrons and holes. A good agreement between measurements and a simple drift-diffusion model is obtained when modeling this CVD graphene with a net p-type doping and asymmetric electron/hole mobility. An extracted mean-free path for scattering suggests the presence of large levels of Coulomb and short-range scattering which could be limiting the mobility in this doped material. The results are of importance for understanding the potential of large-area CVD graphene for use in future radiofrequency devices.
INTRODUCTION
Graphene is a potentially useful material for future transistors because of its excellent transport properties and its nature as a 2D sheet with atomic thickness provides a possible route for extremely scaled devices with electrostatic integrity [1] [2] [3] [4] . In addition, new circuit concepts that have been developed for the general class of ambipolar devices [5] have potential for implementation with the graphene system such as radiofrequency multipliers, mixers, and also logic inverters [6] [7] [8] . Recently, there have been rapid advances on the growth of large-area monolayer and few-layer graphene via metal-catalyzed (typically Ni or Cu) atmospheric and low-pressure chemical vapor deposition processes and the subsequent transfer of the graphene to SiO 2 [9] [10] . There are reports that this synthesis method has been scaled up by a roll-to-roll process in a manufacturing setting to produce 30" sheets of material [11] , opening the possibility of new advanced devices in this material system. In addition, due to the ability to transfer CVD graphene to a range of substrates and to deposit advanced dielectrics, the design space of CVD based graphene FETs could be potentially tailored for enhanced functionality. However, due to the nature of growth and transfer, chemical modification of the graphene could occur due to the conditions and metallic catalyst. The typical reported carrier mobility of CVD graphene is significantly lower than exfoliated or on-SiC material due potentially to different impurity/doping levels and material quality. Elucidating the carrier scattering sources in metal catalyzed CVD graphene and understanding the device operation is essential for realizing high mobility material for both holes and electrons and for improving the performance of GFETs. In this work, back-gated devices with exposed graphene channel are constructed in order to understand aspects of the doping and transport effects that could be limiting aspects of the device performance. A drift-diffusion model is used to model the device characteristics to produce a good agreement with measurements for a p-type doped film with asymmetric electron/hole mobility. Examination of an extracted meanfree path for scattering shows that the mobility in the case of these devices is likely limited by large levels of Coulomb and short-range scattering. The results are of importance for determining the potential of large-area CVD graphene for use in future electronics devices.
II. BACK-GATED GRAPHENE TRANSISTORS
In order to shed light on some aspects of the doping and carrier transport effects and possible performing limiting factors, back-gated FET test-structures with exposed graphene channel were constructed and examined. Grapheneon-SiO 2 was synthesized via Cu catalyzed CVD and subsequently transferred to 300nm SiO 2 /n+ Si substrates. Cr/Au (5nm/90nm) source/drain contact pads were deposited using e-beam evaporation and formed by lift-off ( Figure 1 Figure 3 shows the typical electrical measurement results taken with increasing exposure time of the device to vacuum conditions. Increasing vacuum duration results in a shift in the Dirac point towards neutral voltage levels, with a shift of ~40 V after 3 days. This direction and magnitude of voltage shifting suggests the removal of significant quantities of "ptype" doping via exposure to the vacuum. It is highly likely that adsorbed O and OH (behaving p-type) are adsorbed on the graphene during processing and/or exposure to ambient. Soft annealing of the devices under vacuum ( Figure 4 ) at slightly elevated temperatures (375 K) further shifts the Dirac point so that both electron and hole branches of the current are observed within a 120 V range. As evidenced by device hysteresis measurements ( Figure 5 ), the density of insulator trapped charge is significantly smaller than the density of effective charged "dopant".
III. DEVICE MODELING AND ANALYSIS
A drift-diffusion model coupled to a solution of the Poisson equation is solved in a conventional device simulator and is used to model the measured characteristics. Figure 6 shows a good agreement between simulations and measurements when modeling the graphene as a "semiconductor" with zero energy gap, heavy p-type (volumetric) doping of 1.3x10 20 cm -3 , peak hole mobility of 530 cm 2 /Vs and peak electron mobility of 280 cm 2 /Vs, implying a scattering dominated transport regime. There is a slight deviation near the trough in the characteristics and is attributed to non-idealities present in the system.
In the simulations, the expression for the density of states with energy is modified to approximate a graphene-like linear density of states and the overall integrated carrier concentration (of holes and electrons) versus gate-voltage is approximated well to first order (producing a descent match to the I on /I off ratio) and is mainly determined by the size of the energy gap and the carrier mobility used. In addition to a neutral-directed shift in the Dirac point, there is a measured change in the slope of the I-V characteristics, suggesting co-modulation of both the hole and electron mobility. As shown in Figure 7 , examination of this mobility dependence as a function of the removed charged "doping" density reveals that the apparent increase in mobility is larger for the holes than the electrons in the p-type material. The extracted low-field carrier mean-free-path for back-scattering in this doped p-type CVD graphene material is extracted for both holes and electrons from the measured experimental data. From the dispersion relationship for "monolayer" graphene and the expected Fermi velocity an expression for the density of states D(E) and carrier density, n s vs. Fermi energy, E f are calculated as and Based on the measured gate-insulator capacitance C ins and the measured voltage level of the Dirac point (V DP ), the charge density can be estimated as Using the Landauer expression [12] , the conductivity, G s , can be calculated (for long gate-lengths) as and an expression for the lowfield mean-free path for back-scattering, λ(E f ) as a function of the Fermi energy Figure 8 shows the extracted λ(E f ) from low-field measurements of back-gated GFETs taken under ambient and vacuum conditions for a range of E f . The dependence of the mean-free-path with increasing carrier energy is a specific signature of the presence of large levels of Coulomb scattering. It is likely that scattering from charged impurities adsorbed on the graphene, incorporated in the graphene during growth and from the interaction with the substrate contribute to the overall degree of scattering. Also, the weak dependence of the minimum conductivity point of the I-V characteristics with reduced levels of "doping" support a scattering limiting regime of transport consistent with other samples reported in the literature with large levels of impurities [13] [14] . For the electrons, the energy dependence of the mean-free-path at higher carrier energies also suggests the contribution of short range scattering likely due to the disorder in the form of defects in the graphene lattice or roughness that could contribute to the overall response (which clearly are apparent in the material meteorology). The asymmetry in the dependence between the electrons and holes could be due to screening effects which alter the behavior of some of the scattering mechanisms based on charge carrier type, and also the presence of interactions with carrier energy-dependent surface states. Figure 12 also shows the measured temperature dependence of the I-V characteristics within the 77-300 K. The weakness of the temperature dependence on the minimum conductivity point supports a scattering limiting regime of transport that is dominated by both Coulomb and short-range scattering [15] [16] [17] in these samples. The slight temperature dependence of the characteristics above 250 K may be due to the role of ripples and wrinkles, whose presence is clearly apparent in the AFM measurements. The results therefore suggest the improvement of the mobility by reducing the various scattering mechanisms, and increasing the carrier mean-free-path should be possible. By growing higher quality material, obtaining better control of doping, limiting defects and reducing substrate interactions, it is expected that the mobility and frequency performance of graphene FETs based on CVD graphene will continue to improve.
IV. CONCLUSIONS
We constructed field effect transistors using chemical-vapor-deposited monolayer graphene and used electrical measurements under ambient and vacuum conditions to analyze some important physical aspects of the minority carrier mobility behavior. We measured a dependency between shifting of the Dirac Point directed towards neutral levels under soft vacuum/annealing conditions and an increase in the extracted low-field carrier mobility. Reduction in the effective p-type "doping" of the graphene results in an increase of the carrier mobility of both the electrons and majority, with a stronger majority carrier dependency. The measured I-V characteristics of the devices are modeled (in the scattering limited regime) using a simple drift/diffusion model implemented in a continuum simulator. Using this model, the effective doping density, carrier concentration, and mobility are extracted for electrons and holes. Analysis of the energy dependency of the carrier meanfree-path for back-scattering, suggests that the mobility in this CVD material is limited by large levels of Coulomb and short-range scattering. 
